Plants of the Digitalis genus contain a cocktail of cardenolides commonly prescribed to treat heart failure. Cardenolides in Digitalis extracts have been conventionally quantified by highperformance liquid chromatography yet the lack of structural information compounded with possible co-eluents renders this method insufficient for analyzing cardenolides in plants. The goal of this work is to structurally characterize cardiac glycosides in fresh-leaf extracts using liquid chromatography coupled with tandem mass spectrometry (LC/MS/MS) that provides exact masses. Fragmentation of cardenolides is featured by sequential loss of sugar units while the steroid aglycon moieties undergo stepwise elimination of hydroxyl groups, which distinguishes different aglycones. The sequence of elution follows diginatigenin digoxigenin gitoxigenin gitaloxigenin digitoxigenin for cardenolides with the same sugar units but different aglycones using a reverse-phase column. A linear range of 0.8-500 ng g -1 has been achieved for digoxigenin, β -acetyldigoxin, and digitoxigenin with limits of detection ranging from 0.09 to 0.45 ng g -1 . A total of 17 cardenolides have been detected with lanatoside A, C, and E as major cardenolides in Digitalis lanata while 7 have been found in Digitalis purpurea including purpurea glycoside A, B, and E. Surprisingly, glucodigifucoside in D. lanata and verodoxin and digitoxigenin fucoside in D. purpurea have also been found as major cardenolides. As the first MS/MS-based method developed for analyzing cardenolides in plant extracts, this method serves as a foundation for complete identification and accurate quantification of cardiac glycosides, a necessary step towards understanding the biosynthesis of cardenolide in plants.
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Digoxin extracted from the woolly foxglove (Digitalis lanata) has been frequently used to treat systolic heart failure and atrial fibrillation [1] . It is on the World Health Organization's Model List of Essential Medicines recommended for all health systems, rendering it one of the most commonly prescribed plant-based pharmaceuticals [1, 2] . Advances in organic synthesis have achieved total synthesis of digoxin, but cultivating the host plant remains the only costeffective option for subsequent clinical use [3, 4] . Digoxin belongs to a large family of cardiac glycosides found in the genus of Digitalis and other plant lineages as defense chemicals against insect herbivores [5] . The composition of cardenolides varies greatly among different species of foxglove and is also influenced by climate and geographic locations [6] . Structurally, cardenolides are steroid glycosides with a pentacyclic aglycon and zero to four monosaccharides linked by the β -O-glycosyl bond to the C3 of the steroid (Fig. 1 Intriguing progress has been made in the taxonomy and in vitro propagation of Digitalis in the last two decades, but progress in structural elucidation and analytical methods for cardenolides in planta is lagging in development [6] . High-performance liquid chromatography (HPLC) coupled with diode-array detection remains the most used method for the identification and quantification of plant cardenolides. The HPLC method developed by Wiegrebe et. al. in 1993 remains the most comprehensive profiling of cardenolides in D. lanata [7] . However, HPLC-based methods are not ideal for cardenolides due to these substances' low extinction coefficients in the UV range. Also, structural information cannot be obtained and co-eluents from the complex plant matrix interfere with quantification. Previous liquid chromatography tandem mass spectrometry (LC/MS/MS) developed for cardiac glycosides mainly analyzed blood or urine samples, and only digoxin and few of its metabolic derivatives were monitored [8] [9] [10] [11] [12] [13] [14] [15] [16] . Therefore, a highly sensitive and selective LC/MS method is necessary for structural validation and accurate quantification of cardenolides in crude plant extracts.
Here we report for the first time a high-resolution mass spectrometry (HRMS) method for profiling and structural characterization of cardiac glycosides from fresh leaves of D. lanata and D. purpurea. The HRMS method measures atomic mass units (amu) to four decimal places, allowing the determination of the molecular formula of unknown compounds within 5 ppm of their exact masses [17] . Subsequent collision-induced dissociation (CID) provides fragments containing structural information of the targeted cardenolides. We find that cardenolides 
To identify other cardenolides that might be present in the leaf samples, the chromatographic method described above was extended to a 60-min method starting at 10 % mobile phase B followed by a 5-min linear gradient to 30 % mobile phase B, followed by a 15-min linear gradient to 70 % mobile phase B, held for 10 mins, followed by a 10-min linear gradient to 95% mobile phase B, also held for 10 min. After which, the gradient was returned to initial conditions within 2 min and equilibrated for 8 mins before the next injection. A similar full MS-ddMS 2 was performed with an inclusion list of all the cardenolides that could potentially be present in the samples. For less abundant cardenolide that did not fragment in the full MS-ddMS 2 method, a selected ion monitoring with MS 2 (SIM-ddMS 2 ) method using the 60-min chromatographic condition with an inclusion list of identified precursor ions was developed to obtain MS 2 spectra.
Settings for the SIM method followed: the resolution of 35,000, AGC target of 5E4 with a maximum injection time set to automatic and a ddMS 2 resolution of 17,500, isolation window of 4.0 m/z; collision energies at 10, 30 and 60 V, maximum injection time set to automatic. Data processing involved extracting the precursor ions of the suspect cardenolides and their MS 2 spectra in Xcalibur TM with mass error set to 5 ppm and retention time match. Semiquantification of identified cardenolides was performed by summing peak areas of both [M+H] + and [M+Na] + adducts. The percentage of total cardenolides was calculated as the ratio of the peak area for individual cardenolide divided by that of total cardenolides, given that cardenolides ionized similarly as determined by seven cardenolide standards.
The octanol-water partition coefficients of cardenolides was predicted using XLogP3 3.0 software [18] . Numbers of rotatable bonds, hydrogen bond donors and acceptors were calculated by Cactvs 3.4.5.11 version [19] . The theoretical exact masses were computed using the Compass Isotope Pattern calculator (Bruker, Bermen, Germany).
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. sugar loss and dehydration of cardenolides agreed with previous reports but with higher mass resolution, allowing unambiguous assignment of precursor and product ions [8, 21] .
Quantification of authentic standards of cardenolides was achieved in methanol using a 17minute method with a reverse-phase C18 column followed by Orbitrap TM detection. The sequence of elution for cardenolides with identical sugar units but different aglycones followed digoxigenin gitoxigenin digitoxigenin, which agrees with previous HPLC and LC/MS reports ( Fig. 3 and Table 1 ) [7, 8] . Digitoxigenin with two hydroxyl groups is less polar than digoxigenin or gitoxigenin with three hydroxyl groups, therefore eluted later. Lanatoside C and lanatoside B are regioisomers that differ only in the position of one hydroxyl group (12-OH v.s.
16-OH)
. Lanatoside B eluted after lanatoside C because the 16-OH of lanatoside B is sterically hindered by the 17γ -butyrolactone ring, rendering it less polar than lanatoside C. Indeed, the log P value of lanatoside B was predicted to be larger than that of lanatoside C (Fig. 1) . The elution of cardenolides with the same aglycone but different sugar units followed: aglycone primary cardenolides secondary cardenolides acetylated secondary cardenolides, as exemplified by digoxigenin, lanatoside C, digoxin, and β -acetyldigoxin (Fig. 3) . The [M+H] + precursor ions were quantified because of broader linear ranges and lower LODs than [M+Na] + except for digitoxin whose sodium adduct ionized 10-fold better than the proton adduct. The calibration curves obtained for β -acetyldigoxin, digitoxigenin, and digoxigenin have a linear range of 0.8 -500 ng g -1 with limits of detection (LOD) that vary from 0.09 to 8.3 ng g -1 . The linear ranges obtained were about 10-fold broader than previous LC/MS methods except for digitoxin [8, 12] . The LODs were comparable to earlier reports or lower as of β -acetyldigoxin [8] .
With a sensitive method in hand, we next examined cardenolides in crude Digitalis extracts. To achieve a better separation, a 60-minute LC method was developed for the analysis of other cardenolides in Digitalis. Fresh leaves were freeze-dried and extracted in 80% methanol to avoid partial hydrolysis of primary cardenolides. Overall, a total of 17 and 7 cardenolides were detected in D. lanata and D. purpurea respectively (Fig. 6 ). The cardenolide profiles were unique and distinct in these two closely related species, which concurred with previous reports [7, 22] . Overall, D. lanata had a higher concentration and more varieties of cardenolides compared with D. purpurea, consistent with the usage of the former for producing digoxin and the latter as an ornamental plant.
In particular, purpurea glycosides were not identified in D. lanata, and lanatosides were not Fig. 2 ). The elution followed the C B E A sequence for cardenolides with the same sugar units but different aglycones just like authentic standards.
Although lanatoside B and C are constitutional isomers with the same exact masses, they were distinguished by the retention times identical to the respective pure compounds and the presence or absence of the 391.2497 m/z peak in the MS/MS spectra. The α -isomer of acetyldigoxin was assigned because its retention time was different from the pure compound β -acetyldigoxin. The exact diastereomers of acetylgitaloxin and acetyldigitoxin were not distinguishable due to the lack of authentic standards. In future, NMR will be necessary to determine the stereochemistry of these two compounds.
Peak areas of precursor ions were quantified to determine the relative abundance of each compound, given that cardenolide standards ionized similarly (Tables 2 and 3 ). In D. lanata, lanatoside A, E, and C were the major primary cardenolides while lanatoside B was a minor constituent, and lanatoside D could not be reliably detected ( Table 2 ). The total fraction of primary cardenolide was ~34%, less than previously reported [7] . Partial hydrolysis of primary cardenolides during extraction was minimum since the hydrolysis products digitoxin and digoxin were only found in trace amounts. Interestingly, glucodigifucoside (Gl-Fuc-A) constituted ~21 % of total cardiac glycosides in D. lanata. In D. purpurea, purpurea glycoside E, B, and A made up 13 % of total cardiac glycoside, which was also less than a previous report [22] (Table 3) .
Surprisingly, verodoxin and digitoxigenin fucoside accounted for ~48 % and ~20 % of total cardenolides. Secondary cardenolides gitaloxin and digitoxin were also higher than those in D.
lanata. Partial hydrolysis of purpurea glycosides during the extraction process was unlikely because the same extraction method was applied to both species. Nevertheless, pure standards are necessary for future unbiased quantifications since the ion abundance is dependent on how well each cardiac glycoside ionizes.
According to the minimum reporting standards for chemical analysis proposed by the Chemical Analysis Working Group [23] [24] [25] , cardenolides with pure standards available including lanatoside B and C, digoxin, and digitoxin were classified as level 1 identified compounds, based on identical retention times, accurate masses, and MS/MS spectra. The rest of the cardenolides detected belonged to the level 2b or 3, putatively characterized compounds as the spectra of these compounds are not found in the available spectral libraries such as Metlin and Global Natural Product Social Molecular Networking (GNPS) [26, 27] . Nevertheless, the cardenolides observed were more than likely to be correctly annotated because 1, they were all identified in the respective species of Digitalis previously and were validated by methods including NMR [ [7, 22, [28] [29] [30] [31] [32] ; 2, HRMS enabled definite determination of formula for both precursor and product ions; 3, no purpurea glycosides were identified in D. lanata and no lanatosides were detected in D. purpurea, validating the specificity of the method; 4. the elution sequence of cardenolides on a C18 column highly resembled preceding reports [7] . For D. lanata, 17 out of 59 cardenolides previously identified by HPLC were confirmed and structurally annotated in our method. HPLC alone is insufficient to unambiguously detect cardenolides because co-eluents such as flavonoid glycosides may coelute with cardenolide standards, resulting in the previous erroneous identification of purpurea glycosides and oleandrin aglycons in D. lanata leaves [7] . 
